SUMMARY. Leptospira interrogans serovars pomona and hardjo were adapted to grow in a chemically-defined, protein-free (PF) medium. Formolised monovalent vaccines of serovars pomona and hardjo and a bivalent mixture of the two were prepared from PF cultures. Live P F cultures and the vaccine preparations retained their agglutinating antigens and their immunogenicity when tested in rabbits and guineapigs. The vaccines were not pyrogenic and dermal reactions were slight.
INTRODUCTION
Many leptospiral vaccines have been prepared for animal and human use. Early vaccines consisted of heat-killed or formalin-killed leptospires grown in medium containing animal serum, which regularly caused severe clinical reactions. A whole-leptospire vaccine produced from Leptospira interrogans serovars grippotyphosa and szwajizak, grown in a chemically-defined protein-free medium (Shenberg, 1967) and given by subcutaneous injection, caused much less severe adverse reactions Torten et al., 1973) . A leptospiral vaccine grown in a protein-free medium and containing serovars appropriate for local conditions is needed. L . interrogans serovars pomona and hardjo are responsible for ~9 0 % of human leptospiral infections in temperate regions of Australia.
Several serovars of Leptospira, including pomona and hardjo, have been adapted to grow in a protein-free medium (Bey and Johnson, 1978) to densities of c. lo9 leptospires/ml. It should be possible, therefore, to prepare vaccines from these strains by standard procedures. However, it must be shown first that leptospires grown in protein-free medium are adequately immunogenic and not more toxic than those grown in other media. Agglutinating antibody appears to be a good indicator of protective capacity (Adler and Faine, 1976 , 1978a ; therefore the ability to induce production of agglutinating antibody is a suitable measure of immunogenicity. The aims of the present investigations were to determine the immunogenicity in rabbits of formolised vaccines prepared from L. interrogans serovars pomona and hardjo grown in protein-free medium and the dermal toxicity, pyrogenicity and immunogenicity of such vaccines in guinea-pigs.
MATERIALS AND METHODS
Culture of leptospires. The source of L. interrogans serovars pomona and hardjo were described by Adler and Faine (1976) . Both serovars had been subcultured many times in bovine serum albumin-Tween 80 (EMJH) medium (Difco) and were then subcultured > 50 times in protein-free (PF) medium (Bey and Johnson, 1978) . Tweens for use in the test cultures were detoxified by removing free fatty acids either by the charcoal method of Bey and Johnson (1978) or by the column-cleaning method with Amberlite IRA-400 resin (Staneck, Henneberry and Cox, 1973) . The leptospires were subcultured routinely at 7-day intervals and were counted in a Thoma bacterial counting chamber.
Preparation of vaccines. Leptospires for use as vaccines were grown in the PF medium of Bey and Johnson (1 978); the pH was adjusted to 74-7.6 and the medium sterilised by filtration through a 0.45-pm membrane filter (Millipore) and pasteurisation at 56°C for 30 min. Of a well grown 4-day-old culture in PF medium, 3 ml were seeded into 30 ml of PF medium in 100-ml bottles and incubated at 30°C; the leptospires grew to a density of 109/ml in 3-4 days.
Formolised vaccine was prepared from 4-day-old cultures of leptospires harvested by centrifugation at 14500 g; the leptospires were washed four times in 0.85% NaCl (saline), resuspended in 10% neutral-buffered formalin for 60 min, and then washed four times in saline. The formolised leptospires were resuspended in saline to a concentration of 4 x lo8 organisms/O. 1 -ml dose of vaccine. The sterility of vaccines was confirmed by seeding 0.1 ml on to three blood-agar plates and into three tubes of cooked-meat medium, which were incubated at room temperature, 30°C and 37°C.
Immunisation schedules. Live cultures of leptospires grown in PF medium were injected intravenously (IV) into two New Zealand White rabbits in either a single or multiple-dose regime. Rabbits receiving a single dose were given 5 x lo9 organisms in 1 ml of PF medium; blood was collected 7 days later. The multiple-dose regime was the standard procedure for producing antisera to leptospires (Sulzer and Jones, 1976; Dikken and Kmety, 1978) ; 1-, 2-, 4-, 6-and 6-ml volumes of cultures containing 2 x lo8 leptospires/ml were injected at 7-day intervals and blood was collected 14 days after the last injection. These antisera were used in the absorption experiments. Single doses of formolised vaccine were injected intradermally (ID) into the shaved flanks of each of two New Zealand White rabbits. Vaccinated rabbits were given a booster of the same dose 14 weeks after the initial administration.
Detection ofantibody and absorption of sera. All samples of blood for antibody studies were collected from the marginal ear vein of the rabbits. Sera were tested for agglutinating antibody by the microscopic agglutination test (MAT; Alston and Broom, 1958) . Cross-absorption experiments were performed with antisera raised against leptospires grown in EMJH or PF medium and homologous leptospires grown in each medium by the method of Kmety, Galton and Sulzer (1970) : antisera diluted to a titre of c. 800 were absorbed with just sufficient antigen to remove all antibodies from homologous antiserum. Residual antibody titres were determined by the MAT.
Dermal toxicity andpyrogenicity were tested in adult albino guinea-pigs; 0.1 ml of formolised vaccine was injected ID into the shaved back and the aminals were observed during the first 2 h, then after 4 h, and twice daily thereafter for 2 weeks. The diameter of the local reaction was measured, and erythema, induration and necrosis were graded on an arbitrary 0 to 4+ scale. Skin biopsies for histological examination were fixed in 10% buffered formalin and embedded in paraffin; sections were cut and stained with haematoxylin and eosin (HE). The pyrogenicity of vaccine preparations was measured by recording the rectal temperature of adult guinea-pigs before and then I, 4, 26 and 48 h after subcutaneous (SC) injection of 0.1 ml of formolised vaccine. Control guinea-pigs received 0.1 ml of PF medium. Heat-killed cholera and typhoid vaccines (Commonwealth Serum Laboratories, Melbourne) were used as controls in dermal toxicity tests; 1 ml of cholera vaccine contained 4 x lo9 cells each of Inaba and Ogawa serotypes and 1 ml of typhoid vaccine contained lo9 cells of Salmonella typhi. Dry weights of suspensions of leptospires or S. typhimurium (as a representative Salmonella sp.) were determined by weighing to constant weight, in preweighed crucibles in which the organisms were dried at 180'C. Salmonellae and leptospires were grown to early stationary phase in media without protein. Blood for antibody studies was collected after 1-2 weeks and 6 weeks from some of the Medium for growth of live vaccine guinea-pigs that had been given 0.1 ml of the formolised vaccine preparations by either the ID or SC route.
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RESULTS

Comparison of agglutination reactions with leptospires grown in EMJH or PF media
The residual MAT titres in sera raised by multiple immunisation with L. intrrrogans serovarpomona grown in PF or EMJH media are shown in table I. Antisera raised to leptospires grown in EMJH medium were not absorbed with homologous leptospires. Agglutination was observed as easily with antigen grown in P F or EMJH medium. However, phosphate-buffered saline (PBS) diluent inhibited the motility of leptospires grown in PF medium; fresh PF medium was used as diluent for them.
Immunogenicity for rabbits of leptospires grown in PF or EMJH media
The antibody responses of rabbits to immunisation with single doses of live L . interrogans serovar pomona are shown in fig. 1 . The difference of less than fourfold between the titres of agglutinating antibodies produced against the two leptospiral cultures was not significant.
Rabbits also produced agglutinins when formolised vaccines prepared from L. interrogans serovarpomona grown in either P F or EMJH medium were injected ID ( fig.  2 ). Similar antibody titres were obtained with each vaccine and, in both cases, another injection, at 57 days for EMJH vaccine and 99 days for P F vaccine, stimulated further comparable rises of antibody titres.
Antibody responses of rabbits to formolised vaccines of serovars pomona or hardjo prepared from cultures grown in PF medium and injected ID are shown in fig. 3 . Peak titres against serovar pomona preparations were 16-fold higher than those against serovar hardjo after a single dose and eightfold greater after a booster dose. Bivalent vaccines containing serovars pomona and hardjo grown in P F medium stimulated antibody responses similar to those produced by the monovalent vaccines ( fig. 4) .
Pyrogenic activity, dermal toxicity and immunogenicity of vaccines for guinea-pigs
The body temperatures of guinea-pigs were monitored after SC injection of bivalent PF vaccine or a PF medium control. There was no rise of temperature during the 3 days after injection of either preparation. Dermal toxicity of formolised vaccines was assessed by ID injection into guinea-pigs (table 11) . Slight erythema only was observed in the first 24 h with doses of < l o 7 leptospires. The strongest reactions occurred with the serovar pomona vaccine prepared from EMJH cultures. Similar but less severe reactions were observed with vaccines prepared from PF cultures. Occasionally, more pronounced dermal reactions were observed with the bivalent PF vaccine than with the monovalent PF vaccines; the diameter of the erythema was 8-10 mm and that of the induration was 3-4 mm; the induration persisted for longer and the scab or crust was larger but there were no haemorrhages. However, the bivalent preparation contained twice as many organisms (8 x 1 O8 leptospires), and when 0.1 ml Days after irnm u n isat ion 3.-Agglutinating antibody response in four rabbits given 0.1 ml of monovalent vaccine containing 4 x 10s leptospires of either serovar pornonu or serovar hardjo by ID injection. Rabbits received a booster dose of vaccine after 99 days 1. *--a, O --+ Two rabbits given pomona vaccine.
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Two rabbits given hardjo vaccine. of bivalent vaccine containing only 4 x lo8 leptospires was injected, there was a typical erythema of 8-10 mm diameter and an induration of 2 rnm diameter. Fifty-six days after the first injection, guinea-pigs were given a second ID injection of 0.1 ml of the same vaccine containing 4 x 10' killed organisms of each strain. The crust formed 2 days earlier but the overall dermal reactions were similar to the initial responses: on the fourth day, response to EMJH-pomona, PF-pomona, PF-hardjo and PF-bivalent vaccines were 4 + , 4 + , 2 + and 3 + respectively. A third ID injection of vaccine containing 4 x 10* of the same strain was given 82 days after the second injection. The dermal responses were markedly less for all vaccine preparations. The initial erythema was 8-10 mm, there was only very slight induration which subsided in 3-4 days and there were no crusts. The responses to EMJH-pomona, PF-pomona, PF-lzara'jo and PF-bivalent vaccines measured on the fourth day were + , + , 0 and + respectively. There was no enhanced or hypersensitivity reaction with any second or subsequent injection and revaccination often produced weaker skin responses. Dermal reactions to ID vaccination of guinea-pigs with P F vaccines were compared with those arising from ID injection of cholera and typhoid vaccines. The induration produced by typhoid or cholera vaccines was harder and larger in diameter (10-12 mm) than that caused by the P F leptospiral vaccines. The dry weights of the test organisms were: S . typhimurium (as a representative Salmonella) 44 ,ug/108 organisms, and L. interrogans serovar hardjo 16 pg/ 1 O8 organisms.
One of each pair of guinea-pigs was killed 3 days after injection of 4 x 1 O8 organisms from each P F vaccine and the EMJH-pomona preparation. Vaccination sites were examined histologically. All the pomona vaccines evoked only a very localised inflammatory response characterised by infiltration with polymorphonuclear leucocytes. The PF-hardjo vaccine caused milder inflammation. There was also slight epidermal thickening that was most marked at the sites of injection ofpomona vaccine grown in EMJH.
Blood was collected from guinea-pigs that had received formolised vaccine ID or SC for dermal toxicity or pyrogenic activity studies and antibody titres were measured. Peak MAT titres of 32-64 (hardjo) and 128-512 (pomona) were obtained 1-2 weeks after immunisation by either route. After 6 weeks, titres had decreased by only one or two doubling factors.
DISCUSSION
There was no loss of agglutinating antigens after the adaptation of L. interrogans serovar pornona from EMJH to P F medium. Cross absorption of antisera raised against organisms grown in the two media by antigens prepared from the same cultures revealed parallel absorption patterns for each combination of antigen and antiserum. This confirmed that >50 subcultures of serovar pomona in P F medium had no significant effect on the agglutinating antigens. There was no significant difference between the agglutinating antibody responses to a single dose (5 x lo9 organisms) of live serovarpomona grown in either medium although organisms grown in P F medium generally induced a titre fourfold lower than that induced by organisms grown in EMJH medium.
Formolised vaccines of serovar pomona grown in either medium and injected ID into rabbits induced antibody titres about eightfold lower than those obtained with the live serovar pornonu cultures given IV. However, the titres that developed in response to formolised vaccines prepared from cultures grown in either medium were similar. Booster doses of each vaccine stimulated further comparable increases in anti-pornona titres. Thus, formolised vaccines prepared from serovar pomona grown in either EMJH or P F medium were similarly immunogenic in rabbits, and formolised vaccines of serovars pomona and hardjo gave rise to reproducible antibody titres when given separately, or together. Titres of antibody against serovar pomona were about 16-fold higher than those against hardjo after primary vaccination, and eightfold higher after a booster dose. A similar phenomenon was observed by Mackintosh, Marshall and Broughton (1 980) in cattle vaccinated with commercial bivalent hardjo-pornona vaccine. Titres of antibody against the serovar pomona component were consistently fourfold higher than those against the serovar hardjo component after primary and after secondary vaccination. Smith (1937) found that an agglutinating titre of 6 in the serum of vaccinated guinea-pigs protected them from acute experimental infection with serovar icterohaemorrhagiae. Marshall, Broughton and Hathaway (1979) showed that a postvaccination titre of 24 prevented renal infection when sheep were challenged with 3 x lox leptospires of serovar hardjo. A similar titre protected cattle from natural infection with serovar hardjo (Marshall, Broughton and Hellstrom, 1979) . In all these experiments the protective titres were the lowest dilution at which the authors tested the sera. Adler and Faine (1976) showed that immunosuppressed mice with a passively acquired MAT titre of 2 were protected against experimental infection with 2 x lox leptospires of serovar pomona. In our present experiments, the standard dose of vaccine induced antibody titres in rabbits that should protect against either experimental or natural challenge with virulent leptospires.
Although we did not determine the class of antibody produced, previous experiments showed that rabbits produce IgM and IgG agglutinins irrespective of whether leptospires were injected by the IV, ID or intramuscular routes (Adler, 1977; Adler and Faine, 19786) .
Skin reactions in guinea-pigs caused by vaccines prepared from cultures grown in P F medium were always milder than those caused by vaccines prepared from cultures in EMJH medium or by heat-killed typhoid and cholera vaccines. Areas of induration were harder and larger with typhoid and cholera vaccines than with the bivalent leptospiral vaccine. However the typhoid and cholera vaccines used routinely in man contain five-eighths and ten times respectively the number of organisms in the leptospiral vaccine Adler and Faine, 1980) . Measurement of the dry weights of Leptospira and Salmonella-and assuming that the dry weight of Vibrio cholerae is similar to that of Salmonella-shows that the total masses of killed organisms injected as vaccines would be 220 pg for S. typhi, 3500 pg for V . cholerae and only 140 pg for Leptospira.
It was noticeable that dermal responses of guinea-pigs revaccinated ID with homologous vaccine prepared in PF medium were never enhanced by hypersensitivity and were often less marked than the responses to the initial immunisation. This lack of reaction is consistent with a more rapid removal of antigen from the injection site due to the presence of specific antibody. These findings are similar to those of Torten et al. (1973) , who observed reduced skin reactions in response to revaccination in human volunteers who had previously had clinical leptospirosis.
The post-vaccination antibody titres after ID injection of formolised vaccines into guinea-pigs and rabbits were compared. The immune response to each vaccine in either animal was similar although the anti-hardju titres were lower in rabbits than in guinea-pigs. The ID route was used in most of our experiments but the antibodv titres after SC injection of PF-bivalent vaccine were similar to those after ID injection, and either route of immunisation appears suitable.
The present results have shown that leptospires adapted to growth in PF medium retained their agglutinating antigens and immunogenicity; they were not pyrogenic and caused only slight localised skin inflammation after intradermal injection. Because hamsters are not available in Australia, it has not been possible to perform the necessary protection studies. However, with the immunogenic capacity demonstrated in rabbits and guinea-pigs, leptospires grown in this medium show potential for use as non-toxic vaccines for humans and animals.
